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The Weibel instability from counterstreaming plasma flows is a basic process highly relevant
for collisionless shock formation in astrophysics. In this paper we investigate, via two- and three-
dimensional simulations, suitable configurations for laboratory investigations of the ion Weibel in-
stability (IWI) driven by a fast quasi-neutral plasma flow launched into the target via the radiation
pressure of an ultra-high-intensity (UHI) laser pulse (”Hole-Boring” process). The use of S-polarized
light at oblique incidence is found to be an optimal configuration for driving IWI, as it prevents
the development of surface rippling observed at normal incidence, that would lead to strong elec-
tron heating and would favor competing instabilities. Conditions for the evolution of IWI into a
collisionless shock are also investigated.
I. INTRODUCTION
Today’s high-intensity laser facilities open new possi-
bilities for the study, in the laboratory, of scenarios rel-
evant to various astrophysical processes, among which
collisionless shocks have recently attracted remarkable
interest [1–8]. Collisionless shocks are ubiquitous in a
wide range of astrophysical environments (active galaxy
nuclei, pulsar wind nebulae, supernovae remnants, etc.).
They develop in the presence of fast counter-streaming
plasma flows and are held responsible for non-thermal
particles in cosmic rays and high-energy radiation [9].
In the absence of particle collisions, the dissipation of
the flow kinetic energy into thermal energy necessary
to shock formation is mediated by micro-instabilities.
Among these, the Weibel instability [10–12] has been
identified as responsible for shock formation in various
environments [13]. It leads to the development of tur-
bulent magnetic fluctuations that cause isotropization of
the flows and, at later times, particle energetization via
first order Fermi acceleration [14].
In situ measurements in most astrophysical systems
being far beyond our reach, reproducing such non-linear
processes in the laboratory would provide a unique plat-
form for their investigation. Therefore this line of study
has attracted interest from the laser-plasma interaction
community, both on the simulation [3, 4, 7, 8, 15] and ex-
perimental [6, 16, 17] sides. Indeed, high-intensity laser
systems allow to create fast, supersonic flows which could
mimic those encountered in astrophysics.
Up to now, most of the studies have focused on the use
of high-energy (multi-kJ and NIF-LMJ class) laser facil-
ities operating at modest intensities (. 1016W/cm2) [6,
16, 17]. On such laser systems, the resulting plasma flows
are created by ablation of a dense target, which limits the
accessible flow density and velocity (typically . 0.5% of
∗ Corresponding author: a.grassi8@gmail.com
the speed of light). As a result, the characteristic length
(few centimeters) and time (tens of nanoseconds) over
which shock formation can be expected are large. This
has potentially two drawbacks. First, it requires the use
of large laser systems such as NIF or LMJ. Second, the
effect of particle collisions over such lengths/times may
not be completely negligible.
In contrast, ultra-high intensity (UHI) laser systems,
with peak intensities beyond 1018 W/cm2, could allow to
alleviate these limitations by providing a complementary
path toward the creation of collisionless, ultra-fast and
high-density plasma flows. The use of UHI laser systems
to drive a collisionless shock was first proposed in Ref. [3],
and further investigated in [7]. In the configuration
considered in Refs. [3, 7], the physics leading to the for-
mation of a collisionless shock is dominated by electron
instabilities driven by the interplay of laser-generated
hot electrons launched into the target, and the resulting
electron return current. As a result, shock formation in
this configuration follows from a process very different
than that observed in astrophysical systems where
ion Weibel instability dominates the shock formation
process.
In this work, we propose a configuration where the
Ion Weibel instability (IWI) can be efficiently driven by
fast and dense quasi-neutral plasma flows. In this con-
figuration the generation of hot electrons is minimized, a
situation close to the astrophysical scenarios where neu-
tral flows of charged particles become Weibel unstable
when interacting with the interstellar medium. The fast
quasi-neutral plasma flow is created by radiation pressure
in a dense target irradiated by an UHI laser beam. In
this situation the system evolution follows a first phase
in which electrons turn unstable while the large inertia
of the ions keeps their trajectories weakly affected by the
magnetic turbulence. On a longer timescale, IWI devel-
ops in a background of warm electrons, and the mag-
netic field grows up to a large-enough amplitude to ef-
ficiently deflect the ions. The progressive deceleration
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2of the ion flow eventually produces an increase of the
density that leads to the formation of a shock front [18–
20]. By means of Particle-In-Cell (PIC) simulations, we
demonstrate that a S-polarized laser beam irradiating the
target at oblique incidence is an optimal scheme to sup-
press strong electron heating and thus drive the IWI, and
at later times an IWI-mediated collisionless shock. In
contrast, the seemingly suitable configuration of normal
incidence and circularly polarized light is shown to be af-
fected by fast instabilities developing at the laser-plasma
interface, eventually leading to strong electron heating.
As will be shown, this configuration leads to a similar
situation than the one studied in Refs. [3, 7], where the
system evolution is governed by electron instabilities.
In the scheme we propose, due to the larger density
and higher flow velocities (typically 10% of the speed
of light) with respect to those achievable at NIF, larger
growth-rates can be obtained for the IWI. This also
entails shorter times for shock formation and may help
preserving the collisionless regime.
The paper is structured as follows. In Sec. II, we
present a three-dimensional (3D) PIC simulation that
demonstrates how IWI can be triggered inside a dense
target irradiating it with a S-polarized laser pulse at
oblique (45◦) incidence. The characteristic filamentary
structures in both current and magnetic field, as well
as the instability growth rate, are discussed and con-
fronted to an analytical model. In Sec. III, we show,
by means of a reduced 2D simulation (also exploiting a
reduced ion to electron mass ratio for computational con-
venience and for this simulation only) that the radiation
pressure driven IWI eventually leads to the formation of
a collisionless shock. The properties of the downstream
(shocked) plasma are found to be in good agreement with
theoretical (Rankine-Hugoniot) predictions. In Sec IV,
we further discuss the surface instability. Using 2D sim-
ulations, we demonstrate its role in the hot electron pro-
duction observed when considering an arbitrary (circu-
larly or linearly) polarised laser pulse at normal incidence
on the overdense target. The surface instability mitiga-
tion and the resulting electron heating suppression using
a S-polarized light pulse at oblique (45◦) incidence is then
explained by the creation of a strong, laser-driven surface
current. A simplified analytical model for the creation of
this current sheet is proposed. Finally, Sec. V presents
our conclusions.
II. RADIATION-PRESSURE-DRIVEN ION
WEIBEL INSTABILITY
The configuration investigated in this work is pic-
tured in Fig. 1a). In this scheme, a UHI laser pulse
is incident onto an overdense target at oblique inci-
dence. The laser ponderomotive force pushes inward
the electrons located close to the surface, quickly
creating a double-layer structure with the ions following
✓ = 45  10 eBz/(mec!L)Jx,i/(ec nc)
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Figure 1. a) Schematic presentation of the investigated set-up.
The incident angle θ of the S-polarized laser pulse is defined
in the x-y plane. b) Ion Weibel instability from radiation
pressure driven flows in a 3D PIC simulation with realistic
ion mass. Magnetic field Bz and slice in the y-z plane at
x = 14λL of the ion current Jx,i at t = 65 tL. c) Ion density
〈ni(x)〉y,z averaged over the y-z plane. The laser pulse (not
shown) propagates along the x > 0 direction, and the laser-
plasma interaction surface at this time is located at x ' 10λL.
the electrons [21]. This structure acts as a piston
advancing the surface at a constant velocity vHB, and
efficiently reflecting ions at ' 2vHB, a process known
as Hole-Boring (HB). The HB velocity is estimated
by balancing the flux of ion momentum with the laser
radiation pressure in the rest frame of the plasma
surface and can easily reach a non-negligible fraction
of the speed of light c. Assuming perfect reflection in
this frame (primed quantities), the velocity is obtained
by equating P ′rad = 2I
′ cos2 θ′/c = 2min0γ2HBv
2
HB,
where I ′ = I(1 − vHB/c)/(1 + vHB/c) and
θ′ = arctan−1 [sin θ/(γHB(cos θ − vHB/c))] (see Ap-
pendix A); here I is the laser intensity and θ
the angle of incidence in the laboratory frame,
γHB = (1 − v2HB/c2)−1/2, mi the ion mass, and n0
the unperturbed target density. In the frame co-moving
with the surface, the background plasma and the
Hole-Boring reflected beam constitute two neutral
counter-propagating beams with velocity ' ±vHB. For
sufficiently high flow velocities, vHB & 0.1c, this entails
a fast growth rate and ensures the Weibel instability to
be the dominant mode in the unstable spectrum [11].
The micro-instability at play (and the evolution of
the system toward full shock formation in the next
Sec. III) have been investigated by means of kinetic sim-
ulations performed with the PIC code Smilei [22]. Fig-
ure 1b) shows the results of a 3D simulation carried
out considering a S-polarized plane wave of intensity
I ' 6.8×1021 Wcm−2/λ2µm, where λ2µm is the laser wave-
length in units of µm, corresponding to a normalized laser
vector potential a0 = 70. This electromagnetic wave ir-
radiates, at an angle of incidence θ = 45◦, an electron-
proton plasma (mi = 1836 me) with density n0 = 49nc
3(nc being the critical density) and initial (electron and
ion) temperature T = 1 keV. The extension of the sim-
ulation box is Lx = 48λL, Ly = Lz = 2.5λL, where λL
is the laser wavelength and x the direction normal to the
plasma surface. The spatial resolution is λL/64 and 8
macroparticle-per-cell were used for each species (for a
total of ' 1.4× 109). The simulation runs over ' 66 tL,
with tL = λL/c the laser period. Periodic boundary con-
ditions are used along the y and z directions for fields
and particles.
In the simulation, the laser-plasma interaction surface
is found to move at a velocity vsimHB ' 0.11 c, in good agree-
ment with the theoretical value of vHB ' 0.10 c for these
parameters. Figure 1c) shows that after 65 tL the over-
lapping region has a density ' 2n0. Figure 1b) demon-
strates the presence of filamentary structures in both the
magnetic field Bz and the ion current Jx,i. The growth
rate of the magnetic energy UB ∝ e2Γt has been measured
in the simulation over a layer, in the overlapping region,
with extension ' 0.2λL, and moving at vsimHB . We obtain
ΓsimIWI ' 0.034 t−1L and a dominant mode ksimIWI ' 2ωL/c,
corresponding to filamentary structures with wavelength
λsimIWI ' 0.5λL. As will now be detailed, these observa-
tions are consistent with the development of the IWI.
Relativistic fluid theory of two counter-propagating ion
beams, both with temperature Ti = 1 keV (initial ion
temperature), in a background of thermalized electrons
with Te = 500 keV (as extracted from the 3D simula-
tion) predicts the mode with the maximum growth rate
to be kmax ' 1.5ωL/c in good agreement with ksimIWI, and
a corresponding growth rate Γ(ksimIWI) ' 0.11 t−1L (see Ap-
pendix B which provides a generalization of Ref. [12]).
This theoretically predicted growth rate is larger than
the one measured in the simulation. This can be eas-
ily explained noting that this theoretical model consid-
ers symmetric and rather cold (1 keV) ion flows, whereas
our 3D simulation evidences a quite large (with respect
to the background ions) temperature T simi, HB ' 13.8 keV
for the HB reflected beam. This higher temperature
can drastically reduce the maximum growth rate of the
IWI. Indeed, considering two counter-streaming beams
with Ti ' 13.8 keV, this fluid approach (confirmed by
additional 2D3V PIC simulations, not shown) predicts
the instability to be completely quenched. In order
to obtain the growth rate of the IWI in the presence
of two different ion flow temperatures, we performed a
complementary simulation in a reduced 2D3V geome-
try. This simulation is initiated considering two overlap-
ping and counter-streaming ion flows with temperatures
Ti1 = 1 keV and Ti2 = 13.8 keV, respectively, in a neu-
tralizing electron background with zero drift velocity and
temperature Te = 500 keV (as extracted from the 3D sim-
ulation). This reduced simulation is found to lead to the
development of an IWI with a growth rate ' 0.043 t−1L ,
consistent with that obtained in the full 3D simulation,
and thus confirming the dominant role of the IWI in the
formation of the filamentary structures observed in the
3D simulation, Fig.1b).
Figure 2. Radiation pressure driven collisionless shock
formation in a 2D3V simulation with reduced ion mass
mi = 100me. a-b) Ion distribution in px-py at t = 30 tL (be-
fore shock formation) and t = 515 tL (after shock formation),
respectively. c) Ion density ni(x, y) and d) averaged ion den-
sity 〈ni(x)〉y at t = 515 tL.
At a later time, t ' 65 tL, the IWI-generated magnetic
field in the 3D simulation reaches Bsimz ' 3 meωLc/e
(Bsimz ' 3 × 108 G for λL = 1µm ). Considering all
the reflected ions in a region of extension ' λsimIWI to be
confined in a cylindrical current filament with diameter
' λsimIWI/2, the corresponding magnetic field would
be B = 2piλsimIWIen0vHB/c ' 8.5meωLc/e, larger than
that observed in the simulation. Considering a partial
screening of the ion currents by thermalized electrons
(with Te = 500 keV) following the model proposed in
Ref. [23], we expect the magnetic field at saturation to
be Bsat ' 4.1meωLc/e, only slightly larger than the
one measured in our simulation. This indicates that,
at the end of the 3D simulation, the IWI is close to
saturation, with a significant part of the ions trapped in
the filaments whose currents are partially screened by
thermalized electrons.
III. ION WEIBEL-MEDIATED COLLISIONLESS
SHOCK FORMATION
The situation demonstrated in the 3D simulation pre-
sented in the previous Section is known to be the early
stage of shock formation. To be able to reach shock for-
mation in the simulation using a reasonable computation
time, we performed a 2D3V simulation with an artificially
reduced ion to electron mass ratio mi = 100me. Re-
ducing the ion mass while keeping all other parameters
unchanged gives vHB = 0.28 c, in good agreement with
4that measured in the 2D3V simulation vsimHB ' 0.29 c. Fig-
ures 2a-b show, at 30 tL and 515 tL respectively, the phase
space px-py of a region with extension ' λL initially close
to the surface, moving at vsimHB . In Figure 2a (before shock
formation) we clearly identify the background plasma dis-
tribution centered around px ' 0 and the HB-reflected
beam, centered around px ' 71mec, corresponding to
∼ 2vsimHB . Figure 2b shows at t = 515 tL isotropization
of the ion distribution function around the momentum
px ' 30mec corresponding to vHB. Full thermalization is
not yet reached as the measured ion temperature T simi '
1.1mec
2 is lower than Ti = (γHB − 1)mic2 ' 4.5mec2
obtained considering that all the drift kinetic energy is
dissipated into thermal energy. Nevertheless, a density
jump (up to 3n0), consistent with the Rankine-Hugoniot
(RH) prediction for a non-relativistic two-dimensional
flow [24], is observed in Figs. 2c-d, suggesting that the
shock is formed [19, 20]. Furthermore, the shock front
located around x ' 250λL in Figs. 2c-d and with char-
acteristic width ' 50λL, corresponding to ∼ 50 ion skin
depths, moves with a velocity vsimsh = 0.42 c, consistent
with the RH prediction vsh ' 0.43 c.
Note that in this configuration the shock front is
created deep inside the target, far from the laser-plasma
interaction surface, and there is a clear distinction
between the role of laser-plasma interaction processes on
the one hand and the evolution of the IWI to a Weibel
mediated collisionless shock on the other hand.
IV. SUPPRESSION OF THE SURFACE
INSTABILITY
As we pointed out in Sec. II, our study suggests
that the optimal laser configuration to create fast quasi-
neutral flows while keeping a low amount of laser-
generated hot electrons is obtained using linear S-
polarization at θ ∼ 45◦ incidence. One could expect the
choice of circularly (C-) polarized laser pulse at normal
incidence to be an even more favorable configuration as
it is ideally expected to strongly reduce electron heat-
ing [21, 25, 26]. However, as will be shown in what fol-
lows, the use of C-polarized light at normal incidence
leads to a strong electron heating due to the modulation
of the interaction surface driven by surface electromag-
netic instabilities. The resulting fast electrons then prop-
agate into the target, driving a return current, and the
dynamics is mainly governed by electron instabilities, as
observed in Refs. [3, 7] using P-polarization and normal
incidence. Instead, we demonstrate, by means of 2D3V
simulations, that the surface instability can be mitigated
by a current generated along the surface when the target
is irradiated at oblique incidence in linear polarization
and the electron heating due to the laser-surface interac-
tion is reduced.
The simulations are performed considering a similar
configuration to the one discussed before: a laser with
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Figure 3. Effect of the laser polarization and angle of inci-
dence on the surface instability and electron heating. 2D3V
simulations with P- and C-polarized laser pulses at normal
incidence θ = 0◦ (top panels and middle panels, respectively)
and S-polarized pulse at oblique incidence θ = 45◦ (bottom
panels), at t = 25 tL. a-d-g) Electron density. b-e-h) Mag-
netic field Bz averaged on a laser period. c-f-i) x-px electron
phase space. The red and black lines denote the position of
the laser-plasma interaction surface.
a0 = 70 is irradiating a plasma with density n0 = 49nc.
The spatial resolution is here set to λL/320, Lx = 32λL,
Ly ' 4.3λL and 49 particles-per-cell are used for each
species. Simulations C-polarized laser at normal in-
cidence, and S-polarized light at θ = 45◦ incidence
are reported. As a reference, we also shown the case
of P-polarized laser at normal incidence, corresponding
to [3, 7].
In the case of C-polarized laser pulses, the electron den-
sity and the ion surface density profile, shown at t = 25 tL
in Fig. 3d, evidence the generation of strong corrugations
of the surface. Different types of instabilities have been
proposed to explain these modulations [27–30], which
lead to the production of a large amount of hot elec-
trons that propagate at relativistic velocity in the target
as shown in Fig. 3f. The correspondence of the surface
rippling with the magnetic field structures, highlighted
in Fig. 3e, suggests an electromagnetic nature of the in-
stability at this stage. In order to avoid the formation
of these structures, we varied the configuration of the
interaction. Using S-polarization and θ = 45◦, the devel-
opment of the surface magnetic structures is completely
suppressed. The efficiency of this configuration in reduc-
5ing the surface instability is clarified by Fig. 3g, where
we show that the surface profile remains approximately
flat and no magnetic filaments are present at the surface
(Fig. 3h). Accordingly, there is an evident decrease of
fast electron production with respect to the cases of P-
or C-polarized light (Fig. 3c-f).
The suppression of the surface instability is linked to
the establishment of a transverse slowly varying (with
respect to the laser period) electron current Jy at the
surface. The stabilizing role of this current is clear in
a framework in which the surface magnetic structures
are driven by electron Weibel-like instability for which
one would expect filaments with magnetic field Bz and
wavevector ky to develop as in Fig. 3e. A coherent mo-
tion of electrons along the y-direction, as evidenced by
the surface current observed in the S-polarized θ = 45◦
simulation, prevents the confinement of the particles in
a filament, removing the feedback mechanism for the in-
stability growth.
The formation of similar current sheets at the interac-
tion surface has been already observed in PIC simulations
at non-normal incidence [31, 32]. This electron current
produces a unipolar magnetic field at the surface, as ob-
served in Fig. 3h, that reaches at later times a strength
comparable to that of the incident laser field. A simpli-
fied model for the generation of the transverse current is
now outlined.
For an electromagnetic plane wave with intensity I(t)
obliquely incident at an angle θ on the planar surface of
a medium with reflectivity R ≤ 1, the flow of electromag-
netic momentum P transferred at the surface reads
(Px, Py) =
(
(1 +R)
I
c
cos2 θ , (1−R)I
c
sin θ cos θ
)
(1)
where all quantities are expressed in the frame co-moving
with the surface (primed notations have been dropped
here). The Px component corresponds to the standard
radiation pressure on the surface (that which drives the
Hole-Boring process) while Py describes the transfer of
momentum to electrons in the direction parallel to the
surface, and gives rise to a current in the skin layer. In
turn, this current generates a magnetic field (Bz) and,
by induction, an electric field (Ey) which counteracts the
acceleration of electrons along the surface and, at late
times, transfers part of the absorbed momentum to ions.
To describe this process, we introduce the ponderomo-
tive force in the skin layer fp(x, t) ' P exp(−2x/`)/(`/2),
where ` is an appropriate screening length for the laser
electromagnetic fields, and we use cold fluid equations for
the plasma electrons, yielding for the current
∂tJy =
ω2pe
4pi
Ey − e
me
fpy (2)
coupled with Maxwell’s equations (see Appendix C). We
also neglected the contribution of the ion current because
of the large mass difference with the electrons. Solving
Figure 4. Mitigation of the surface instability by a surface
current in a 2D3V simulation considering a finite laser spot
size 10µm. Electron (a) and ion (b) current Jy at t = 85tL.
for the electron current we obtain
Jy =
4
3
eωpe
mec
(
e−ωpex/c − 2e−2ωpex/c
)
×
∫ t
0
fpy(0, t
′)dt′ ,
(3)
where we have assumed ` ' c/ωpe, neglecting relativis-
tic corrections on the electromagnetic wave penetration.
Within this assumption, and considering for simplicity a
flat-top profile I(t) = I0Θ(t), the maximum value of Jy
at time t is
Jmaxy '
pi
12
a20
t
tL
(
n0
nc
)1/2
(1−R) sin(2θi) encc . (4)
Even for very small absorption (1 − R . 10−2) the
transverse current is large enough to stabilize the surface
instability. Saturation of the growth of the current and
the associated magnetic field Bz (see Appendix C) will
eventually occur when the cyclotron frequency ωc = ωpe,
i.e. when the electron gyroradius equates the skin depth.
In order to confirm that a finite laser spot size does not
prevent the creation of the surface current and mitigation
of the surface instability, we performed a 2D3V simula-
tion considering a Gaussian transverse profile and focal
spot (1/e2 in intensity) 10 µm. The simulation box has
been enlarged to 64λL×128λL with all other parameters
unchanged. Also for a finite spot we observe the ambipo-
lar electron current predicted by Eq. (3), that produces
and confines the positive magnetic field in the skin layer,
see Fig. 4a. The ion current, Fig. 4b, is directed along
the positive y, i.e. in the direction predicted by momen-
tum conservation, except in the region y < 45λL, where
the intensity gradient in the transverse direction due to
the finite spot causes the local ponderomotive force to be
in the negative y direction.
V. CONCLUSIONS
In conclusion, we have demonstrated the possibility to
efficiently drive the ion Weibel instability in the colli-
6sionless regime on UHI laser facilities. We have iden-
tified the optimal experimental configuration as linear
S-polarization at oblique incidence. This configuration
allows for the stabilization of the surface instability and
in turn for the reduction of hot electron production. This
situation, dominated by ion instabilities as in most astro-
physical scenarios, is shown to potentially lead to Weibel-
mediated collisionless shocks.
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Appendix A: Hole Boring velocity
We provide the extension to the usual calculation of
the Hole-Boring (HB) velocity vHB, for the case of a
plane wave of intensity I and frequency ω, impinging
at an angle θ on a perfectly reflecting target. We assume
the plane wave wavevector to be k = (kx, ky, 0) and the
plasma surface to move with velocity vHB = vHBxˆ, in the
laboratory frame L. Therefore, in the frame co-moving
with the target surface L′, the incident wave wavevector
becomes
k′x = γ(kx − βω/c) = γk(cos θ − β) ,
k′y = ky = k sin θ ,
where k = ω/c, β = vHB/c, γ = (1 − β2)−1/2. In L′ the
incidence angle θ′ is thus given by
tan θ′ =
k′y
k′x
=
sin θ
γ(cos θ − β) . (A1)
In L′ a plane wave of intensity I ′ interacts with an immo-
bile plasma with incidence angle θ′, the radiation pres-
sure is thus given by:
P ′ =
2I ′
c
cos2 θ′.
Exploiting the Lorentz’s transformations for the wave
electromagnetic fields, we obtain I ′ = I(1 − β)/(1 + β).
Since the pressure is a relativistic invariant P ′ = P , thus
the radiation pressure P in the frame L reads
P =
2I
c
1− β
1 + β
1
1 + tan2 θ′
=
2I
c
1− β
1 + β
[
1 +
sin2 θ
γ2(cos(θ)− β)2
]−1
.
The HB velocity can now be estimated by balancing the
laser radiation pressure with the flux of ion momentum
Pi = niγβc(2miγβc), [21]. Solving vHB = βc yields the
Hole-Boring velocity as a function of θ. An analytical
solution can be obtained but is quite cumbersome, and
the solution can be easily found numerically.
Note that from Eq. (A1) we obtain that for β = cos θ
the wave propagates parallel to the surface in the L′
frame, and c cos θ appears has a natural upper limit for
the Hole-Boring velocity.
Appendix B: IWI growth rate
The IWI can be characterized within a relativistic
warm fluid approach, as discussed in Ref. [12]. We com-
pute the instability growth rate Γ starting from the rel-
ativistic fluid equations:
∂tnα +∇ · (nαVα) = 0
h(µα) [∂tPα + (Vα · ∇)Pα] = qα
[
E+
Vα
c
×B
]
− ∇Pα
nα
where α is the index of species, µα = mαc
2/Tα and
h = 1+(e+ P) /(nmc2) is the normalized enthalpy, with
e the internal energy and P the thermal pressure.
We consider two counter-streaming proton beams with
velocity V = ±V0xˆ, density n± = n0/2 and temperature
T± = T0 [so that µ(T±) = µ0]. The neutralizing back-
ground is provided by warm thermalized electron with
density n0 and temperature Te  T0, so that the fluid
approach can not be used (being valid if the thermal ve-
locity is much smaller than Γ/k). As demonstrated by
means of a kinetic approach in [33], the contribution of
the electrons in the large temperature limit disappears
from the dispersion relation. Linearizing the fluid equa-
tions for the ions coupled with Maxwell’s equations, and
looking for purely transverse unstable modes, we obtain
ω2
c2
− k2y −
ω2pi
h(µ0)γ30c
2
− ω
2
pi
h(µ0)γ0c2
k2yV
2
0
ω2 − T0k2y/(mih(µ0)γ0)
= 0 (B1)
where for simplicity we have assumed k = (0, ky, 0) and ω
2
pα = 4pin0q
2
α/mα. Equation (B1) can be numerically
7solved for ω = iΓ with Γ > 0 to obtain the IWI growth
rate.
Appendix C: Model for the electron transverse
current
The presence of the transverse current slowly varying
(with respect to the laser period) in the skin layer is re-
lated to the absorption of electromagnetic (EM) momen-
tum which can occur for oblique incidence at reflectivity
R < 1. Considering the test case of an EM plane wave
with intensity I = I(t) incident at an angle θ on the pla-
nar surface of the medium (filling the x > 0 region) with
xy as the plane of incidence, the flow P of EM momen-
tum through the surface has two components as given by
Eq. (1). These components are obtained starting from
Fresnel formulas for the laser EM fields at the surface,
and calculating the flow of momentum at the surface us-
ing Maxwell’s stress tensor. The Px component corre-
sponds to the radiation pressure on the surface (which
drives the Hole-Boring process), while Py describes the
transfer of momentum to electrons in the direction par-
allel to the surface, giving rise to a current in the skin
layer. In turn, this current generates a magnetic field
and, by induction, an electric field which counteracts the
transverse acceleration of electrons and transfers part of
the absorbed momentum to ions. Notice that in the case
of a surface moving with the vHB velocity the formula
above has to be considered in the co-moving frame.
To describe this process, we introduce the pondero-
motive force in the skin layer fp ' P exp(−2x/`)/(`/2),
where ` is an appropriate screening length for the laser
EM field in the plasma, and use cold fluid equations for
the electrons:
∂tjsy =
ω2pe
4pi
Esy − e
me
fpy , (C1)
∂xBsz = −4pi
c
jsy , ∂xEsy = −1
c
∂tBsz , (C2)
where ω2pe = 4pie
2n0/me and the suffix “s” means that
all fields are slowly varying on the temporal scale of the
laser period, so that the displacement current is negligi-
ble. We have also neglected the contribution of the ion
current to Bsz because of the large mass difference with
the electrons. Combining the previous equations, we ob-
tain an inhomogeneous Helmoltz equation for the electric
field component Esy(
∂2x −
ω2pe
c2
)
Esy = − 4pie
mec2
fpy . (C3)
The particular solution of Eq. (C3) can be obtained as a
Laplace transform in space:
Eˆsy(s, t) = − 4pie/mec
2
s2 − ω2pe/c2
fˆpy(s, t),
Esy(x, t) =
1
2pii
∫ a+i∞
a−i∞
Eˆsy(s, t)e
sxds ,
where a is any length larger than the convergence ab-
scissa, which is determined by the spatial profile of
fpy(x, t). Considering ` ' c/ωpe, consistent with rela-
tively weak absorption in an highly overdense plasma,
we obtain
Esy(x, t) ' fpy(0, t)
3n0e
(
3
2
(1− C)e−ωpex/c − e−2ωpex/c
)
.
where C is a constant will be fixed from the boundary
conditions. From Eqs. (C1) and (C2), we obtain for the
magnetic field
Bsz '
4ω2pe
3en0c
(
e−ωpex/c − e−2ωpex/c
)∫ t
0
fpy(0, t
′)dt′ ,
(C4)
where we have assumed at the laser-plasma surface
Bzs(x = 0) = 0, so that C = −1/3. Proceeding simi-
larly, we obtain for the electron current Eq. (3).
The maximum value of the magnetic field is found at
x = (c/ωpe) ln 2, and considering a flat-top profile I(t) =
I0Θ(t) [with Θ(t) the Heaviside function], it reads
Bmaxsz '
pi
6
a20
t
tL
(1−R) sin(2θi)meωLc
e
. (C5)
Notice that Esy(x, t) > 0 and Bsz(x, t) > 0, consistent
with the simulation results.
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